Photosynthetic carbon assimilation in the roots of a shootless orchid Chiloschista usneoides (DON) LDL involves the synthesis and accumulation of malic acid from CO2 in darkness. Malic acid is consumed in the light.
Photosynthesis in many epiphytic orchids involves the nocturnal acquisition of CO2 and accumulation of malic acid followed the next day by the release of CO2 from malic acid and its utilization in the reductive pentose phosphate pathway. Stomatal resistance is high at night and low during the day. Clearly these plants exhibit CAM (1) .
Another commonly observed feature of such orchids is the possession ofChl-containing aerial roots and it has recently been shown that these roots, like leaves, exhibit the diurnal fluctuation in acid content and CO2 exchange pattern characteristic ofCAM (6) . The aim of the present work is to extend information on the photosynthetic metabolism of orchid roots.
The experimental material used in this study is Chiloschista usneoides, a member of the group known as shootless orchids which has been eloquently described by Benzing et al. (2) . In the mature vegetative state, C. usneoides consists of Chl containing velamentous roots which encircle and adhere to the substrate tree branch. The shoot is represented only by a very short structure from which the roots are produced. Leaves are usually absent although small leaves may occasionally be present, particularly during the early stages of development of the plant. Virtually all photosynthetic carbon assimilation takes place in the roots of C. usneoides and the use of this plant avoids problems associated with the possibility of translocation of photosynthetic products between leaves and roots encountered in plants which possess both of these organs.
MATERIALS AND METHODS
Plant Material. The Figure 3 illustrates data representative of four separate experiments carried out on plants in which the velamen was fully engorged with water. CO2 evolution occurred in both dark and light. Illumination at 100 ,mol m-2 s-' resulted in a transient decrease in the rate of CO2 evolution from 8 to 4 ul CO2 h-' g7l fresh weight followed by a slow increase to 6 Al CO2 h-' g-1 fresh weight at the end of the experiment.
CO2 exchange was followed in a plant with a dry, silvery velamen until it was clear that dark CO2 fixation was in progress (Fig. 4) of release increased from 2 to 11 gI h-' as the subjective dawn approached. Also plotted on Figure 4 for comparative purposes is the progress curve of CO2 exchange in the same individual when the velamen was dry throughout the experiment.
Products of Dark Fixation of "CO2. Autoradiography of extracts of small intact plants incubated with 14C02 in darkness for 14 h illustrated that malic acid contained the majority of the radioisotope. In one experiment in which the plant weighed 1.7 g, 96% of the activity was located in malic acid, citric acid contained 3%, and the remainder was accounted for by two unidentified components.
Anatomy of Roots. Figure 5 shows a scanning electron micrograph of the surface and a section across part of a root. Pathways through the velamen and exodermis can be seen (marked by arrow) which apparently link the atmosphere with the internal gas spaces of the root. There is no evidence of any structures which might exert diurnal control over the diffusive resistance between the atmosphere and the internal gas spaces.
Internal CO2 Concentration. (Figs. 2 and 4) clearly demonstrate that dry roots of C. usneoides acquire CO2 from the atmosphere in darkness. The large diurnal fluctuations in acidity measured in the present work substantiate earlier findings (1, 12) . Comparison of the kinetics of CO2 fixation and the kinetics of acid accumulation (Figs. 1 and 2 ) support the contention that CO2 fixation leads to acid synthesis and accumulation. Malic acid is the major product of dark '4CO2 fixation and, in conjunction with the low V'3C values reported by Winter et al. (12) , this indicates that the nocturnal uptake ofCO2 is via PEP carboxylase.
The acquisition of CO2 from the atmosphere by gaseous diffusion in land plants has two conflicting aspects, the inward diffusion of C02, which there is advantage in maximizing, and the inevitably associated outward diffusion of water vapor which there is advantage in minimizing. C3, C4, and most CAM plants utilize the control of gaseous diffusion afforded by stomata to achieve the necessary balance. In CAM plants, apart from the shootless orchids, the stomata allow adequate diffusion of CO2 into the plant at night and, when closed during the light decarboxylation phase, reduce the outward diffusion of water and CO2. Since this is not possible in Chiloschista, the question arises as to how this shootless orchid exhibits CAM in the absence of stomata.
Although the roots possess structures specialized to allow gaseous exchange between the atmosphere and the internal gas phase of the plant (i.e. pneumatothodes and the special cortical cells described by Benzing and Ott [3] and Benzing et al. [2] ), there does not appear to be any possibility for the diurnal regulation of gaseous diffusion as is effected by stomata in the leaves and shoots of CAM plants (Fig. 5 ). In these photosynthetic roots, gaseous diffusion between internal and external atmosphere takes place across a diffusion barrier over which the plant has no control. The proportion ofexchange which occurs through the pneumatothodes and the proportion which occurs through the surface of the velamen and underlying tissues remains to be determined. However, regardless of the details of the diffusion pathway, it is certain that the diurnal changes in diffusive resistance which are an essential component of CAM in leaves and stems are not a feature of the photosynthesis of this shootless orchid.
In CAM plants with stomata, leakage to the atmosphere during the light phase is small (10) . Despite the absence of stomata in Chiloschista roots, the rate of loss of CO2 to the atmosphere in the light decarboxylation phase is also low (Fig. 2) . The near atmospheric values measured for internal CO2 concentration in the light in Chiloschista suggest that the slow loss to the atmosphere may be the result ofthe magnitude ofthe diffusion gradient of CO2 between the internal and external atmosphere. It appears that in place of the control of CO2 loss by control of diffusion resistance found in CAM plants with functional stomata, the loss of CO2 from Chiloschista in the light phase is minimized by the balance between decarboxylation and photosynthetic CO2 fixation being regulated such that the level of CO2 within the roots Plant Physiol. Vol. 77, 1985 is maintained around atmospheric concentration. Thus, unlike the situation in other CAM plants (4, 1 1), the externally directed diffusion gradient in the light is not great. The biochemical mechanism which achieves this balance between CO2 release and consumption remains to be elucidated.
In addition to being high enough to limit water loss to a level which can be tolerated by the plant, the diffusion resistance of the roots must obviously also be low enough to allow acquisition ofan adequate supply ofCO2. The utilization of PEP carboxylase in CAM may be important in this context because (unlike ribulose-1,5-bisphosphate carboxylase/oxygenase) it can operate effectively at low (virtually zero) CO2 concentrations in air (5) and therefore has the potential to maximize the inwardly directed CO2 diffusion gradient into the roots.
Figures 3 and 4 demonstrate that saturation of the velamen with water has a dramatic deleterious effect on the CO2 exchange of the plant. The curves show that the amplitude of acid fluctuation is reduced by a factor of about 5 and dark fixation of CO2 is abolished. A superficial explanation would be that saturation of the velamen increases diffusion resistance-the liquid water layer acting as a diffusion barrier-thereby reducing inward diffusion of CO2 and associated acid accumulation. However, although this may well be part of the answer, the finding that plants with saturated velamina evolve CO2 in darkness rather than simply taking up less CO2 indicates that the situation is complicated. A similar response of CO2 exchange to wetting in the bromeliad CAM plant Tillandsia usneoides has been reported by Martin and Siedow (9) . Further work is required on this phenomenon.
The photosynthetic metabolism of shootless orchids represents an addition to the presently recognized mechanisms by which plants acquire atmospheric C02, namely C3, C4, CAM, and the recently discovered aquatic acid metabolism photosynthesis (7, 8) . Although the metabolism of C. usneoides is clearly derived from CAM, we consider that the absence of stomatal control of diffusional resistance represents a significant physiological distinction and we propose the term astomatal CAM for this variant of photosynthetic carbon metabolism.
